In order to study the mucosal and serum antibody response to polysaccharide-encapsulated bacteria in mice, a preparation of heat-inactivated Streptococcus pneumoniae type 4 was administered, with and without cholera toxin, at various mucosal sites. It appeared that intranasal immunization of nonanesthesized animals was superior to either oral, gastric, or colonic-rectal antigen delivery with regard to the induction of serum immunoglobulin G (IgG) and IgA, as well as saliva IgA antibodies specific for pneumococci. The marked IgA antibody response in feces after intranasal, but not after oral or gastric, immunization is suggestive of a cellular link between the nasal induction site and the distant mucosal effector sites. Intranasal immunization also induced antibodies in serum and in mucosal secretions against type-specific capsular polysaccharide. IgA and IgG antibody levels in pulmonary lavage fluids correlated well with saliva IgA and serum IgG antibodies, respectively. Antibody determinations in pulmonary secretions may therefore be redundant in some cases, and the number of experimental animals may be reduced accordingly. After intraperitoneal challenge with type 4 pneumococci, mice immunized intranasally were protected against both systemic infection and death, even without the use of cholera toxin as a mucosal adjuvant. Thus, an efficient intranasal vaccine against invasive pneumococcal disease may be based on a very simple formulation with whole killed pneumococci.
Streptococcus pneumoniae is one of the major bacterial causes of respiratory tract infections and a frequent cause of bacteremia (22, 25) . With increasing resistance of pneumococcal strains to antimicrobial agents (7), there is a demand for preventive measures. The presently available polyvalent polysaccharide vaccine offers protection against a large number of pneumococcal strains, and it protects against systemic pneumococcal infection (12, 24) . However, the protective efficacy against pneumonia is controversial (20, 28) , and the polysaccharide vaccine is not considered to be sufficiently immunogenic for use with infants and children under 2 years of age (21) . There is thus a need for alternative vaccination strategies, e.g., development of polysaccharide-protein conjugate vaccines, pneumococcal protein vaccines, or mucosal vaccines.
Most pathogens enter the host through the mucosal membranes and seem to induce a local mucosal immune response, mainly represented by secretory IgA (10) . Studies of carriage of pneumococci in the upper respiratory tract have shown that such carriage may induce anti-pneumococcal antibodies (15) . In preliminary studies with mice, we have been able to show that a preparation of whole heat-inactivated pneumococci was immunogenic when applied to mucosal surfaces and that the nasal mucosa may be the preferred site for antigen delivery (2) . It has also been shown recently that nasal immunizations with pneumococcal surface protein A could induce immunity with the power to protect against challenge with pathogenic organisms (27) .
Most previous studies were done with cholera toxin (CT) or its nontoxic subunit B as a mucosal adjuvant (8, 23, 26, 27) .
However, it became clear from other experiments that several killed airway pathogens, i.e., Bordetella pertussis, group B streptococci, and outer membrane vesicles from group B meningococci, were strongly immunogenic when given as a nasal vaccine, even without the use of CT (9, 14, 16, 18) . If this is also valid for whole inactivated pneumococci, it may be possible to create nonproliferating mucosal vaccines without additional mucosal adjuvants, which might themselves be immunogenic or tolerogenic (13) .
The aim of this study was to determine in more detail the mucosal site that would be the most efficient for induction of systemic and mucosal antibody responses after application of heat-inactivated whole pneumococci. We also attempted to find out whether cholera toxin would be necessary as a mucosal adjuvant for the whole pneumococcal vaccine. Finally, we used a systemic-infection model to test the protective effect of this vaccine when administered on the appropriate mucosal site.
MATERIALS AND METHODS

Bacteria.
A human isolate of S. pneumoniae serotype 4 was used for immunization and challenge. Heat-killed bacteria for immunization were prepared by culturing pneumococci in Todd-Hewitt broth (Difco Laboratories, Detroit, Mich.) with 17% fetal calf serum (Gibco Laboratories, Life Technologies Ltd., Paisley, Scotland) for 18 h at 36°C in 5% CO 2 , after which they were centrifuged and washed three times in sterile pyrogen-free saline (3) . The number of bacteria in the final suspension was determined by plating 10-fold serial dilutions onto horse blood agar plates. Heat inactivation was accomplished in a water bath at 56°C for 30 min. No live bacteria were detected after this suspension was plated onto agar plates.
Preparation of the bacterial inoculum for challenge was done as previously described (1) . Briefly, small aliquots of pneumococci in mid-log growth phase were prepared by a standarized method and kept frozen at Ϫ70°C, ready for challenge experiments after thawing and appropriate dilution.
Animals. Inbred female BALB/cABom mice, 7 to 9 weeks old, were obtained from Gl. Bomholtgård Ltd. Ry, Denmark. Outbred female HsdOla:NIHS mice, 6 to 8 weeks old, were obtained from Harlan Olac Ltd., Oxon, United Kingdom. They were all specific-pathogen-free mice and were housed in cages with six to eight mice each with Beekay GLP bedding (B & K Universal AS, Nittedal, Norway) under standard conditions with regulated day length, temperature, and humidity. Tap water and pelleted food (Ewos-Alab R3, rats and mice; Ewos AB, Södertälje, Sweden) were offered ad libitum. The experiments were performed in conformity with the laws and regulations controlling experiments with live animals in Norway and were approved by the local officer of the Experimental Animal Board under the Ministry of Agriculture of Norway.
Immunizations. In the first experiment, groups of six BALB/c mice were immunized four times at weekly intervals, each group at a different mucosal site (intranasal, oral, intragastric, and colonic-rectal). No anesthetics were given in this first experiment. Each dose of antigen solution corresponded to a mixture of 25 l of the heat-inactivated pneumococci (10 10 CFU/ml before heat inactivation) and 5 l (1 mg/ml) of CT (Calbiochem Corp., La Jolla, Calif.). The intranasal immunization was carried out with the mouse held in a supine position with the head down while 30 l of the antigen solution was delivered slowly with a micropipette onto the nares so that the mouse could sniff it in. For oral immunizations, the antigen solution was given slowly with a micropipette so that the mouse could suck the fluid from the tip. The antigen solution to be given intragastrically was mixed with 150 l of 0.1 M NaHCO 3 (pH 8.1), making up 180 l per dose, which was given intragastrically with a blunt steel feeding tube. For colonic-rectal immunization, 30 l of the antigen solution was delivered by a feeding tube inserted via the anus with the tip approximately 3 cm from the anal opening.
In the second experiment, groups of NIHS mice were immunized intranasally four times at weekly intervals with 25 l of heat-inactivated pneumococci, either mixed with or without added CT. These mice were briefly anesthetized intravenously with 0.01 ml (10 mg/ml) of propofol (Diprivan; Zeneca Ltd., Macclesfield Cheshire, United Kingdom) before intranasal immunization, which was performed as described for the first experiment. The mice recovered completely 1 to 2 min after anesthesia. Groups of mice given anesthesia and 25 l of pyrogenfree saline intranasally served as controls.
Collection of samples for antibody determinations. Blood was obtained from the lateral femoral vein in heparinized capillary tubes (Vitrex, Herlev, Denmark) and was separated and stored at Ϫ20°C until it was analyzed (4). Saliva and feces were collected, and extracts were made as described previously (17) . Briefly, saliva was collected by inserting the tips of absorbent cylindrical wicks (2 by 25 mm) (Polyfiltronics Group Inc., Rockland, Mass.) into the mouths of mice immediately after salivation was induced by a single intraperitoneal injection of 0.1 mg of pilocarpin-HCl (Sigma Chemical Co., St. Louis, Mo.) in 100 l of phosphate-buffered saline (PBS). The weight of the collected secretions was calculated as the difference between the weights of the wicks before and after collection. Two wicks saturated with saliva were obtained from each mouse, frozen at Ϫ20°C in 1.5-ml microcentrifuge tubes, and subsequently extracted with 500 l of PBS containing 5% nonfat dry milk (Oxoid skim milk powder; Unipath Ltd., Basingstoke, Hampshire, England) and the following protease inhibitors: 0.2 mM 4-(2-aminoethyl)-benzenesulfonylfluoride (AEBSF) (Calbiochem), 1 g of aprotinin/ml, 10 M leupeptin (both from Sigma), and 3.25 M bestatin (Boehringer Mannheim, Indianapolis, Ind.). After being vortexed twice for 15 s, the tubes were centrifuged at 16,000 ϫ g for 2 min at 4°C to drive fluid out of the wicks.
Three to five pieces of freshly voided feces were collected into 1.5-ml microcentrifuge tubes, frozen at Ϫ20°C, and subsequently vacuum dried in a Speed Vac concentrator (Savant Instruments, Inc., Farmingdale, N.Y.). After the net dry weights were recorded, extracts were made by adding 20 l of PBS, with dry milk and protease inhibitors, per mg of dry feces, followed by extensive vortexing and centrifugation at 16,000 ϫ g for 2 min at 4°C (17) . The clear supernatants were used for further analyses.
Immediately after the animals were killed, lung lavage fluid was obtained by a single injection into the trachea of 1.5 ml of PBS, followed by aspiration through a 25-G needle. Possible backflow of saline during this procedure was prevented by tying off the proximal part of the trachea.
In the first experiment, all samples except lung lavage fluids were collected before and 1 week after the fourth immunization. In the second experiment, samples were also collected just before the third immunization and on the day before bacterial challenge. Blood for bacterial counts was obtained 3, 12, 24, 48, and 72 h after challenge. Unless otherwise specified, all samples and extracts intended for antibody analyses were stored at Ϫ20°C until they were analyzed.
Quantitation of anti-pneumococcal antibodies. Immunoglobulin M (IgM), IgG, and IgA antibodies to pneumococcal polysaccharide (anti-PPS) serotype 4 were determined by enzyme-linked immunosorbent assay (ELISA) with Nunc (Roskilde, Denmark) Immuno plates (no. 269787) as previously described (5). Briefly, the plates were coated by incubation with PPS serotype 4 (American Type Culture Collection, Rockville, Md.). Plasma samples were neutralized with pneumococcal C polysaccharide to remove activity against this pneumococcal antigen and tested at a dilution of 1:100 (5). Secretions were tested at a dilution of 1:50. A pool of sera from immunized mice was included on each plate as a positive control. Alkaline phosphatase (ALP)-conjugated goat anti-mouse IgM, IgG, or IgA (, ␥, and ␣ chain specific, respectively) (Sigma Chemical Company) was used as a conjugate.
IgM, IgG, and IgA antibodies to whole pneumococci serotype 4 were determined by ELISA with Nunc MaxisorpF96 plates. The plates were coated with heat-inactivated pneumococci (about 10 7 CFU/ml) for 30 min at room temperature before centrifugation for 15 min and incubation for 3 h at 37°C. Nonspecific protein binding sites were blocked with PBS containing 5% nonfat dry milk (Oxoid). Twofold dilutions of both test samples and standard solutions were made, and sample dilutions of 100 l were applied to ELISA plates and incubated for 90 min at room temperature. Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgA or IgG (Sigma) was added. In the last series of experiments, the same ALP conjugates used for determination of anti-PPS serotype 4 antibodies were used. After incubation for 1 h at room temperature, the plates were washed six times and the substrates o-phenylenediamine hydrochloride (Sigma) for HRP conjugates and paranitrophenylphosphate for ALP conjugates were added. Optical densities were read after incubation for 10 min when HRP conjugates were used or after 30 min with ALP conjugates. Standard curves were generated, and arbitrary units were determined based on a defined pool of sera.
Experimental infections. In the second experiment, the mice were challenged by intraperitoneal injection of live pneumococci according to a previously described infection model (1) . The mice were challenged 1 week after the last immunization, and a challenge dose 10 times the 50% lethal dose (LD 50 ) for this serotype, i.e., approximately 20 to 30 CFU per mouse, was given. The number of bacteria in the inoculum was confirmed by plating 100 l from serial 10-fold dilutions onto blood agar plates. The number of bacteria in the blood of infected animals was determined by applying 25-l volumes of similar 10-fold dilutions of blood to the plates. Colonies of bacteria were counted after incubation at 36°C in a 5% CO 2 atmosphere for 18 h. The challenged mice were observed twice daily by an experienced person, and signs of sickness and dead mice were recorded. Moribund animals, which it was assumed were going to die within a few hours, were sacrificed by cervical dislocation for humane reasons. Mice still alive after 14 days were considered to have survived the infection.
Statistical analysis. Statistical analysis was performed with SigmaStat statistical software (version 3.01; Jandel Scientific, Erkrath, Germany). The nonparametric Mann-Whitney U test, the chi square test, and the Fischer exact test were used. The limit of statistical significance used was a P value of 0.05.
RESULTS
Nasal immunizations are most efficient for induction of systemic and mucosal antibodies. To find the most efficient means of applying mucosal vaccines consisting of whole killed pneumococci, groups of mice were immunized via the nasal, oral, gastric, or rectal route. It was evident from the results of this experiment that the nasal route, with CT as a mucosal adjuvant, was by far superior to any other route for induction of serum IgG antibodies to whole pneumococci (Table 1) . No such antibody response was elicited when the pneumococcal antigen was given via other routes, even when antigen was given directly into the stomach with bicarbonate to neutralize the gastric acid. However, all immunized mice belonging to any group developed strong serum IgG antibodies to CT (results not shown). In the second experiment, in which whole killed pneumococci were given intranasally with or without CT, levels of serum IgG and IgM antibodies to whole pneumococci were markedly higher in mice which were given pneumococci with CT than in those given pneumococci without CT (data not shown).
The advantage of nasal immunization, compared to immunization via other mucosal routes, was likewise clearly evident for induction of IgA antibodies to whole pneumococci in serum, as well as in saliva, lung lavage fluid, and extracts of feces ( Table 2) . Presentation of the antigen into the lower part of the intestine via the rectal route, however, also induced consistent increases in fecal IgA antibodies to pneumococci (Table 2) , and rectal, as well oral, immunizations led to systemic IgA antibody responses.
IgA antibodies in saliva and IgG antibodies in serum correlate with the corresponding antibodies in pulmonary lavage fluid. Only low concentrations of IgA antibodies to pneumococci were found in lung lavage fluid. Still, a significant increase in IgA antibodies was observed in the lung lavage fluid in the groups of mice which had been immunized via the nasal or oral route (Table 2) . Moreover, the concentration of IgA antibodies in lung lavage fluid correlated well with the concentration of IgA antibodies in saliva (Fig. 1, upper panel) (r ϭ 0.89; P Ͻ 0.0001) but with concentrations roughly 10 times less than those in saliva. On the other hand, IgA antibody concentrations in lung lavage fluid did not correlate significantly with serum IgA concentrations.
Lung lavage fluid, as well as extracts of feces, contained relatively high concentrations of IgG antibodies, especially in the group of mice which had been immunized via the intranasal route (Table 1) . IgG antibodies to pneumococci in lung lavage fluid correlated well with the corresponding serum IgG values (Fig. 1, lower panel) (r ϭ 0.93; P Ͻ 0.0001), although the absolute concentrations in the pulmonary secretions were at least 100 times lower than those in the sera.
Nasal immunization with whole killed pneumococci can induce antibodies to PPSs. In the first immunization experiment, with the use of CT as a mucosal adjuvant with BALB/c mice, IgG antibodies to PPS could not be detected in serum or secretions. However, significant increases in serum IgA antibodies to PPS could be demonstrated after nasal, oral, gastric, and rectal immunization (Table 3) . On the other hand, extracts of feces were the only kind of sample representing secretions in which such IgA antibody responses could be demonstrated, and then only after nasal and rectal antigen deliveries (Table  3 ). Significant increases in serum IgM antibodies to PPS were detected after intranasal oral, gastric, and rectal immunization, but no IgM antibodies to PPS could be demonstrated in any secretion (results not given).
The second immunization experiment, in which whole killed pneumococci were given intranasally, with or without CT as a mucosal adjuvant, to NIHS mice, confirmed that serum anti-PPS antibodies could be elicited. In this experiment, animals responded with both IgG and IgM antibodies to PPS when CT was used (P Յ 0.01 and P Ͻ 0.001, respectively) (Fig. 2) . Some mice showed an increase in IgA antibody levels, but the increase was not statistically significant. When pneumococci alone were used for nasal immunizations, however, only IgM antibodies to PPS were increased (P Ͻ 0.001). Moreover, there was no significant difference in the IgM antibody levels whether or not CT was added to the antigen solution (Fig. 2) .
Nasal immunizations with whole killed pneumococci can protect against systemic pneumococcal infection. The groups of mice which had been immunized intranasally as part of the second experiment, and which were given lethal doses of viable pneumococci intraperitoneally, were examined for viable bacteria in the blood. As early as 3 h after the bacterial challenge, the animals which had been immunized with the pneumococcal preparation had significantly (P ϭ 0.01) fewer bacteria than those which had been given only saline as a nasal placebo vaccine (Fig. 3) . It made no difference whether CT had been given together with the killed pneumococci. This difference in bacterial counts between control animals and animals which had been given pneumococci with or without CT was even more pronounced at 12 h after the bacterial challenge (P ϭ 0.001).
None of the mice which had been given saline as a placebo vaccine survived the first 2 days after challenge with viable bacteria (Fig. 4) . On the other hand, all except one mouse in each of the two groups which had been given the killed pneumococcal vaccine intranasally survived the whole observation period of 2 weeks. The protective effect of this nonproliferating nasal vaccine has thus been confirmed to include severe lifethreatening pneumococcal sepsis. Moreover, pneumococci alone were sufficient to attain this effect, i.e., it did not seem necessary to include the commonly used CT as a mucosal adjuvant.
DISCUSSION
In this study, we have shown that whole heat-inactivated pneumococci can induce both systemic and mucosal antibodies when applied on various mucosal surfaces. Results of our first experiment indicate that intranasal application of this antigen, plus CT as a mucosal adjuvant, was superior to the oral, gastric, and rectal routes of antigen delivery (2) . It was also evident a Median concentrations (ranges) of IgA antibodies to pneumococcal polysaccharide type 4 (absorbance); ***, P Յ 0.005; **, 0.005 Ͻ P Յ 0.01 (statistical significance versus the control group; Mann-Whitney U test).
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FIG. 2. Serum antibodies to PPS 4 in mice immunized
intranasally with heat-inactivated pneumococci type 4, with CT (ϩCT; eight mice), or without CT (ϪCT; six mice). Immunizations (v) were carried out at weekly intervals (days 0, 7, 14, and 21), and blood samples were taken on days 0, 14, and 28. A control group (seven mice) was immunized intranasally with saline (NaCl). The symbols represent individual levels (absorbance) of IgG, IgM, and IgA antibodies. that immunization via these alternative routes was not able to induce anti-pneumococcal IgG antibodies, which might be crucial for protection against systemic disease. However, IgG antibodies against CT were induced after immunization at all mucosal sites. The induction of systemic immunity to pneumococci via the nasal route suggests that the nasopharyngeal mucosa possesses the necessary structures to make mucosal immunizations a realistic alternative to the use of parenteral vaccines (11) .
The superiority of nasal versus oral, gastric, and rectal routes of antigen presentation was confirmed by the demonstration of specific IgA antibodies in serum and samples representing secretions. The demonstration of IgA antibodies in secretions after the antigen was given orally, and not gastrically, might thus be explained by the antigen in the first case having reached the nasopharyngeal induction sites. Furthermore, only intranasal immunizations, in addition to rectal antigen delivery, induced significant increases in intestinal IgA antibodies, as reflected in extracts of feces. This was surprising, considering the fact that neither oral nor gastric immunizations with the same antigen were able to induce significant increases in such intestinal antibodies. The lack of intestinal antibodies after oral and gastric immunizations indicates that induction of intestinal antibodies after intranasal immunization was not due to swallowing or leakage of antigen from the nose into the intestines. The stimulus for antibodies to be produced locally in the gut is therefore suggestive of a cellular link between the nasal induction site and the intestinal effector site.
Our finding of IgG as well as IgA antibodies to pneumococci in lung lavage fluid, especially after nasal immunization, might indicate that both these antibodies have a barrier function against invasive pneumococci. The IgG antibodies in the pulmonary lavage fluids also seemed to mirror antibodies in serum, from which they are probably derived. Similarly, we have recently showed that IgG antibodies to B. pertussis in pulmonary secretions reflected the corresponding serum antibodies, which were initiated by nasal immunization (9) . A protective effect of systemic antibodies against pulmonary infections might thus be conferred all the way from the tissue fluid to the mucosal surfaces.
The present finding that pulmonary IgA antibodies to pneumococci correlated with such antibodies in saliva indicates that at least some of the IgA is produced locally in the lungs to contribute to this presumed surface protection. It seems, therefore, that the IgA antibodies in saliva reflect the IgA antibodies in the lung secretions and that analyses of salivary IgA would be sufficient for evaluation of mucosal airway antibodies. Since saliva samples can be collected several times from the same animal, there is less need for collection of pulmonary secretions, and the number of mice used for experimental purposes can be reduced.
In the second experiment, significant increases of serum anti-polysaccharide IgG and IgM were induced in NIHS mice, whereas only serum IgM antibodies were induced in the first experiment with BALB/c mice. Parenteral immunization of BALB/c mice with PPS, conjugate vaccine, or heat-inactivated pneumococci also seems to induce serum IgM and no IgG antibodies (3, 5, 19) . In other strains of mice, however, IgG antibodies can be induced after parenteral immunization with a pneumococcal conjugate vaccine (19) , and low levels of IgG antibodies may even be induced in NIHS mice after immunization with polysaccharides alone (unpublished observations). The discrepancy in antibody responses in the first versus the second experiment may therefore be due to the use of different strains of mice.
Intranasal immunization with PPS type 3 containing liposomes has also been shown by others to induce IgA antibodies specific for type 3 polysaccharide in lung lavage fluid (6) . In addition, we have now shown that both nasal and rectal immunizations induced intestinal IgA antibodies directed against the homologous type of polysaccharide. To some extent, however, these intestinal antibody responses to the polysaccharide antigens after mucosal immunization seemed to depend on the use of strong mucosal adjuvants, such as CT, and it remains to be shown whether polysaccharides as part of a mucosal vaccine induce protective immunity.
The intranasally immunized mice in the present study were well protected against lethal intraperitoneal challenge with live pneumococci. This was evident also with a vaccine consisting of only killed whole pneumococci, i.e., without additional mucosal adjuvants, despite the fact that some mice developed only low levels of antibody to polysaccharides in the serum. A similar discrepancy between low levels of ELISA antibodies specific for serotype 4 polysaccharide and protection against pneumococci of the same serotype has also been observed in other studies (4, 19) . As opposed to antibodies against polysaccharides, in the present study, intranasal immunization induced strong antibody responses to whole pneumococci in all mice, even without CT. Antibodies to pneumococcal antigens other than polysaccharide antigens may therefore have contributed to protection. Since such antigens may be common to many pneumococcal serotypes, one could speculate whether a pneumococcal whole-cell vaccine given intranasally would protect against infections caused by several other serotypes.
The present finding that CT was not necessary for a nasal whole-cell vaccine to induce effective antibodies is in accordance with results of studies with outer membrane vesicles from meningococci (14) . Recently, it has been found that CT actually inhibited the antibody responses to whole group B streptococci (18) and to B. pertussis (9) that had been given intranasally. It may thus be possible to create effective nonproliferating mucosal vaccines based on very simple formulations.
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